Oral feeding of RNA interference (f-RNAi) is an innovative technology in the protection 25 of crops from herbivorous pests. The strength of this technology lies in choosing optimal 26 f-RNAi targets. Conventional targets have been chosen on due to their induction of lethality 27 or infertility in target pests. However, conventional targets are slow-acting (c.a. one week) 28 and crop damage can progress until the induction of lethality due to f-RNAi. Here, we show 29 that f-RNAi of death-associated inhibitor of apoptosis protein 1 (diap1) induces acute 30 feeding cessation. In the solanaceous pest, Henosepilachna vigintioctopunctata, f-RNAi of 31 diap1 caused a decrease in feeding leaf area during the first 24 hours after treatment.
INTRODUCTION
Techniques for manipulating endogenous essential genes in pests using the RNA 48 interference (RNAi) 1, 2, 3 or genome editing such as CRISPR/Cas9 system 4,5 have recently 49 attracted attention alternative strategies for pest management to conventional chemical 50 pesticides. Pest control mediated by endogenous gene manipulation can be achieved by 51 inducing lethality 6,7 or infertility 5, 8 , which are essential for eradication of pests. However, 52 since pests continue to feed on crops until the effects of lethality or infertility appears, such 53 target genes are not necessarily optimal for preventing crop damage. Therefore, it would 54 be more desirable for pest control to identify genes that can inducing acute feeding 55 cessation in pests. 56 We found that the death-associated inhibitor of apoptosis protein 1 (diap1) gene can be 57 an effective target gene for pest control meeting the criterion. Diap1 is one of insect 58 paralogues of inhibitor of apoptosis protein genes of vertebrates and essential for 59 maintaining cell survival by inhibiting the apoptotic pathway through inactivating caspase 60 proteins 9,10 . For an optimal target of pest control by oral feeding of RNAi (f-RNAi), diap1 61 has ideal properties such as an evolutionarily conserved protein with moderate diverged 62 sequences, an extremely short half-life of protein molecules in cells (40 minutes) 11 and 63 higher expression in the midgut (Fig. S1 ). We investigated the effects of f-RNAi for diap1 64 in the 28-spotted ladybird, Henosepilachna vigintioctopunctata, which is a pest for 65 Solanaceae (Fig. S2 ) and compared its pest control efficacy with those of vacuolar ATPase 66 subunit (v-ATPase) A and E which were previously reported as effective target genes 6,12 67 and frequently used. S4) were expressed in whole body including the gut (Fig. 1a ). For f-RNAi, we fed 50 ng 72 of the double-stranded (ds) RNA targeting each gene to the 3rd instar larvae (Fig. S5 ).
73
Quantitative RT-PCR analysis revealed that the expression of each target gene in the larvae 74 at two-days after f-RNAi treatment significantly decreased as compared to the negative 75 control larvae fed with egfp dsRNA (Fig. 1b ). This result indicated that the knockdown of 76 each target gene by f-RNAi was effective in H. vigintioctopunctata. 77 We found that the body weight significantly decreased in the larvae fed with 50 ng of 78 diap1 dsRNA as compared to the larvae fed with egfp dsRNA ( Fig. 1c and Table S1 ). We 79 further found that potato leaves were hardly eaten by diap1 f-RNAi treated larvae ( Fig. 1d ).
80
In order to evaluate the influence on crop damage after RNAi treatment, we measured the 81 area of potato leaves consumed by the larvae during 0-24 and 24-48 hours after dsRNA 82 ingestion ( Fig. 1e ). diap1 RNAi treated larvae showed a significantly narrower area of 83 consumed leaves than negative control larvae within 48 hours after dsRNA ingestion ( Fig.   84 1f and Tables S1, S2), whereas no significant difference was observed in the v-ATPase A 85 and E RNAi treatment. These results indicate that the knockdown of diap1 by f-RNAi injection-or f-RNAi targeting several genes including v-ATPase 6,12 and diap1 13 in longer 90 periods (c.a., a week). However, the acute effects of f-RNAi on feeding cessation have not 91 been evaluated thus far. Our findings provide the first report on effective target genes which 92 5 induce rapid feeding cessation, an essential phenotype for crop protection. Since diap1 f-93 RNAi induced almost complete feeding cessation that is not observed in conventional 94 target gene RNAi treatments (Table S1) , diap1 seems to be the most desirable target gene 95 for the alleviation of crop damage.
96
The moderately diverged sequence in the diap1 gene is useful for designing species-97 specific RNAi pesticides. The nucleotide sequences of diap1 when compared among 10 98 insect species showed 37.3-53.7% identities ( Fig. 2a) . Notably, the nucleotide sequences 99 between H. vigintioctopunctata and Harmonia axyridis, which belong to the same family 100 showed lower identity in diap1 ( Fig. 2a ) than those of v-ATPase A and E (Fig. S6 ). This 101 finding suggested that dsRNA targeting the homologous region in the diap1 ortholog genes 102 can use for species-specific RNAi pesticide reagents, and allowed us to examine RNAi 103 specificity on H. vigintioctopunctata larvae using 320 ng dsRNAs targeting diap1 104 sequences cloned from 4 other insects ( Fig. 2b ). Of the RNAi treatments, only H. 105 vigintioctopunctata diap1 RNAi treatment showed reduction in feeding damage in 0-24 106 hours after RNAi treatment, and feeding cessation in 24-48 hours after treatment ( Fig. 2c ).
107
In contrast, f-RNAi effects under the cross-species treatment of the v-ATPase genes were 108 previously reported 6 . These results indicate that diap1 is also an optimal target for 109 designing highly species-specific RNAi reagents. 110 We also investigated the dose-sensitivity of diap1 f-RNAi. Larvae fed with 1.6 and 8 ng 111 of diap1 dsRNA showed significant decreases in the area of consumed leaves (Fig. 2d ).
112
This result suggests that 1.6 ng dsRNA is sufficient to induce feeding cessation in the 3rd 113 instar larva of H. vigintioctopunctata. Since many previous reports of f-RNAi for pest 114 management require an amount ranging from several hundred nano-grams to a few micro-115 6 grams of dsRNA 14 , diap1 is also the most efficient dsRNA target for f-RNAi to date. 116 The technologies for application of RNAi pesticide have been developed 3 . It has also been 117 reported that combination of RNAi and Bt pesticide produces a stronger insecticide effect 118 than either alone 15 . However, these studies did not investigate genes with either acute 119 affects or high species-and dose-sensitivity, which are essential to the practice of RNAi as 120 a pesticide. In the future, targeting diap1 may allow the application of highly efficient Table S7 ). The RT-PCR were performed using and Diap1 in other animals were obtained from NCBI database (Table S6 ). All sequences Measurements of leaf area eaten by feeding RNAi larvae 283 We measured the potato leaf area eaten by f-RNAi larvae using the following method with 284 the digital microscope system (VHX-5000, KEYENCE, Osaka, Japan). A leaf was put on 285 the glass plate on the stage and was covered with a plastic wrap. Then, the region of leaf 286 eaten was manually bordered with a black pen. After focusing on the leaf using 10x 287 magnification, we automatically binarized the image and measured the area of the region 288 eaten by larvae with the digital microscope system.
290
Statistical analysis 291 We performed the Welch's t-test to evaluate the differences of effects of f-RNAi assay. We 292 adjusted P-value with the Holm's methods for the multiple-comparisons. The significance 293 level used in our analysis was P-value < 0.05. All statistical analyses were performed by 294 R-3.5.0 (https://cran.r-project.org/).
296
Sequence analysis of target genes among insects 297 The nucleotide and amino acid sequences of target genes in 9 insect species were obtained 298 from NCBI's database (Table S6) . Then, multiple alignments were performed for each pair 299 of species using MAFFT ver.7 with L-INS-i program. The proportions of identical sites for 300 length of coding sequence region of each gene were manually calculated. The identical 301 sites of partial sequences of diap1 between H. vigintioctopunctata and other insects using 302 for f-RNAi assay were identified in the same way (alignment: Fig. S10 ).
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